DNA methylation (DNAm) plays diverse roles in human biology, but this dynamic epigenetic mark remains far from fully characterized. Although earlier studies uncovered loci that undergo age-associated DNAm changes in adults, little is known about such changes during childhood. Despite profound DNAm plasticity during embryogenesis, monozygotic twins show indistinguishable childhood methylation, suggesting that DNAm is highly coordinated throughout early development. Here we examine the methylation of 27,578 CpG dinucleotides in peripheral blood DNA from a crosssectional study of 398 boys, aged 3-17 yr, and find significant age-associated changes in DNAm at 2078 loci. These findings correspond well with pyrosequencing data and replicate in a second pediatric population (N = 78). Moreover, we report a deficit of age-related loci on the X chromosome, a preference for specific nucleotides immediately surrounding the interrogated CpG dinucleotide, and a primary association with developmental and immune ontological functions. Meta-analysis (N = 1158) with two adult populations reveals that despite a significant overlap of age-associated loci, most methylation changes do not follow a lifelong linear pattern due to a threefold to fourfold higher rate of change in children compared with adults; consequently, the vast majority of changes are more accurately modeled as a function of logarithmic age. We therefore conclude that age-related DNAm changes in peripheral blood occur more rapidly during childhood and are imperfectly accounted for by statistical corrections that are linear in age, further suggesting that future DNAm studies should be matched closely for age.
[Supplemental material is available for this article.] Epigenetic modifications modulate gene expression via mechanisms that are highly coordinated throughout mammalian development (Reik 2007) and are subject to influence by environmental exposures (Schanen 2006) . The best understood epigenetic modification is DNA methylation (DNAm), which in mammals occurs primarily at cytosines located 59 to guanine in a CpG dinucleotide (Jaenisch and Bird 2003) . This modification is less common in CpG-rich areas, known as CpG islands, which are often located in the promoter regions of many genes and involved in transcriptional regulation. Extensive DNAm is associated with chromatin structure, chromosome stability, transcriptional silencing of imprinted genes (genes that are differentially expressed based on their parent of origin), and the maintenance of the transcriptionally inactive X chromosome in females (Robertson 2005) .
A growing number of human diseases are linked to disruption of epigenetic information, emphasizing the importance of DNAm. DNAm is a hallmark of human cancer, a link that was first recognized in 1983, when tumor cells were found to be aberrantly methylated relative to their normal counterparts due to a loss of methylation from repetitive regions of the genome (Feinberg and Vogelstein 1983) . Aberrant DNAm within imprinting regions results in numerous other diseases, including Prader-Willi, Angelman, and Beckwith-Wiedemann syndromes, as well as transient neonatal diabetes mellitus (Arima et al. 2001) . Finally, disorders associated with repeat instability are also linked to aberrant DNAm (Orr and Zoghbi 2007) . Several of these syndromes are neurological disorders that arise from allelic expansion, allelic contraction, and/ or an increase in local DNAm (Lemmers et al. 2010) .
There is also normal variation in DNAm, and a substantial amount of recent evidence points to organismal age as a significant source of this variation (Issa et al. 1994 (Issa et al. , 1996 Ahuja et al. 1998; Nakagawa et al. 2001; Fraga et al. 2005 So et al. 2006; Bjornsson et al. 2008; Christensen et al. 2009 ). A genome-wide decrease in DNAm with age has been observed in humans (Bollati et al. 2009 ), whereas some gene-specific CpG dinucleotides located in the promoters of genes become methylated with age (Herman et al. 1994 (Herman et al. , 1997 (Herman et al. , 1998 Kane et al. 1997; Ahuja and Issa 2000; Dammann et al. 2000; Esteller et al. 2000a,b,c; Burbee et al. 2001) . Notably, all of these studies focused on adults, and it is unclear how much normal age-associated DNAm variation occurs during childhood and what the implications are for diseasebased pediatric epigenetic studies. Here we investigate the normal variation of DNA methylation in the peripheral blood of a large pediatric cohort using a highly sensitive genome-wide assay that quantitates methylation level at single CpG dinucleotide resolution and show a more robust age-associated DNAm variation in children than in adults. from the Simons Simplex Collection (SSC), who are siblings of ASD individuals and do not present a clinical diagnosis of ASD. At the time of collection, these individuals had an age range from 3 to 17 yr (mean 9.9) ( Fig. 1A ; Supplemental Table 1 ) and were epityped using Infinium HumanMethylation27 BeadChips, which provide a quantitative measure of DNA methylation denoted as b, calculated as the ratio of methylated to total DNA. This is a highly reproducible (Supplemental Fig. 1A,B ) and widely used assay (Bork et al. 2010; Teschendorff et al. 2010; Chen et al. 2011; Koch et al. 2011 ) that measures b at 27,578 CpG dinucleotides located proximal to the promoters of 14,475 well-annotated genes. To determine if age-associated DNAm is present in these individuals, we analyzed each locus using a linear fixed-effects regression model (see Methods) and identified 2078 pediatric age-associated loci: 1601 age-demethylated and 477 age-methylated loci (FDR < 0.01) (Supplemental Fig. 1C ; Supplemental Table 2 ). To validate our methods statistically, we performed permutation tests and found that the asymptotic P-values were nearly equal to the permutation P-values (Supplemental Fig. 1D ; Methods), and that our approach yielded results similar to other published findings (Supplemental Fig. 1E,F; Teschendorff et al. 2010 ; see Methods: Analysis of Age-Associated CpG Loci).
To corroborate these findings, we analyzed DNA extracted from the peripheral blood of an independent cohort of 78 healthy males collected from Children's Hospital Boston (CHB). At the time of collection, these individuals had an age range from 1 to 16 yr (mean 4.6) ( Fig. 1A ) and were epityped using Infinium HumanMethylation450 BeadChips that measure b at 485,512 CpG dinucleotides, including 94.2% of those found on the HumanMethylation27 panel. Analysis of age-associated DNA methylation in this group yielded 41,895 age-associated loci (35,997 agedemethylated, 5898 age-methylated, FDR < 0.01) (Supplemental Fig.  1G ). Comparison of these results with the loci identified in the SSC group revealed a 62.7% overlap in significant CpG sites (P < 0.001) (Supplemental Fig. 1H ), despite differences in age, race, population size, and assay ( Fig. 1A ; Supplemental Tables 1, 2) . Moreover, the individual CpG loci had an overwhelmingly positive correlation in age effects (as measured by age-associated t-statistics) between the two populations (P < 0.001) ( Fig. 1B) , indicating that the ageassociated changes in DNAm are not unique to the SSC group. Finally, pyrosequencing of sodium bisulfite-converted DNA spanning the genomic regions of two representative pediatric age-associated loci, in a subset of the SSC individuals (N = 75), corresponded well with the b values provided by the Infinium assay (Supplemental Fig. 2A,B ), again showing significant age-associated DNAm (Fig. 1C,D) . In fact, most surrounding CpGs also exhibited age-associated changes in DNAm, suggesting that these changes affect domains of DNA methylation rather than isolated CpGs (Fig. 1C 
To assess the novelty of these pediatric age-associated DNAm changes, we compared the age-associated loci in the SSC group with previously reported age-associated loci. We first compared age-dependent loci published in two adult populations, each with an equal number of disease and non-disease subjects: one from a type 1 diabetic study (T1D), the other from an ovarian cancer cohort (OC). Age-dependent DNA methylation was found in these adult cohorts independent of disease status, and the results were similar for both genders in the T1D cohort (Teschendorff et al. 2010) . The published age-dependent t-statistics from both adult studies showed a stronger correlation with those identified in the SSC group than would be expected by chance alone (P < 0.001) (Supplemental Fig. 3A,B) , and the pediatric age-associated loci comprised the majority of those published for either the T1D (53%) or OC (55%) populations (P < 0.001) (Supplemental Fig. 3C ; Teschendorff et al. 2010) . Similarly, we observed a significant, albeit more modest, overlap of the pediatric age-methylated loci with the age-methylated loci reported in whole blood of another adult study (34/131; P < 0.001) (Rakyan et al. 2010 ) that had replicated their findings in CD4 + T-cells and CD14 + monocytes. The Scatterplot of the age effect as measured by the age-associated t-statistic for the SSC (y-axis) and CHB (x-axis) populations. Each point represents one CpG locus interrogated by both assays and those loci found to be significant (FDR < 0.01) in both populations are red (age-methylated) or green (age-demethylated). (Light gray lines) The significance thresholds in each population; the P-value is the significance of the correlation, as determined by permutation testing. (C,D) Validation of representative age-associated loci in the SSC population, with the CHB data overlaid for comparison. Infinium HumanMethylation27 (SSC Inf27: dark blue) and pyrosequencing (SSC pyro: gray) data are shown for the subset of 75 individuals from the SSC population. In addition, the same loci are shown for the entire CHB population (N = 78), run on the HumanMethylation450 (Inf450: light blue). Lines represent the linear regression of each set of data independently; the P-values are the age-effect significance in the population shown. The y-axis is the methylation level measured by all three assays. Below each plot is a schematic of the interrogated locus and annotated genes in the region. (Black triangle) The CpG locus shown in the above plot; CpG coverage of each assay is denoted by vertical lines, with red denoting a significant (FDR<0.01) age-methylating effect, and green a significant age-demethylating effect; those in black are not significantly associated with age. The chromosome (chr), total CpGs in the region (small vertical black lines), and relative genomic coordinates (NCBI build 36.1) are denoted on the x-axis below the gene schematic.
pediatric age effects corresponding to these adult loci are significantly associated with the published age effects for whole-blood and CD14 + monocytes but not CD4 + T-cells . Finally, the pediatric age-associated loci have a significant overlap with age-related loci identified in a study that compared CD34 + hematopoietic progenitor cells (HPC) from newborn cord blood with the same cells mobilized in peripheral blood of adults (301/542; P < 0.001) (Supplemental Fig. 3G ; Bocker et al. 2011 ). Together, these data indicate that age-associated DNA methylation changes found in adult populations are also present in pediatric populations and suggest that at least some age-related changes are not a result of compositional changes in the cell types found in peripheral blood.
Pediatric DNA methylation changes and genomic context
Adult age-associated DNAm changes have been reported to depend on CpG island context; specifically, age-demethylated nucleotides were shown to reside outside of CpG islands and age-methylated nucleotides within CpG islands (Christensen et al. 2009 ). To test these hypotheses in our pediatric populations, we compared the proportion of age-associated loci residing in CpG islands with the total number of CpG loci included on their respective DNA methylation panels via permutation testing (see Methods). We found fewer pediatric age-demethylated loci in CpG islands than would be expected by chance alone in both SSC (P = 0.035) and CHB populations (P = 0.001) ( Fig. 2A ). However, we do not observe a higher proportion of age-methylated loci within CpG islands, as was previously reported in adults. Since a substantial amount of DNAm variation has been identified to occur within the 2 kb adjacent to CpG islands or in CpG island ''shores'' (Irizarry et al. 2009 ), we examined the proportion of age-demethylated loci on CpG island ''shores'' and found a significantly larger proportion than expected by chance in both SSC (P = 0.009) and CHB populations (P < 0.001) ( Fig. 2B ). These data are consistent with those published in the T1D and OC studies where we also found that agedemethylated loci were underrepresented on CpG islands and more prevalent on CpG island shores (Supplemental Fig. 4A ,B) (Teschendorff et al. 2010) . Thus, the location of pediatric agedemethylation events in the context of CpG islands is consistent with previous reports of adult age-demethylated loci and suggests that DNAm is particularly dynamic in the regions immediately adjacent to CpG islands.
It is well known that specific regions of the genome are differentially methylated based on the biological functions of the genes contained within the region; the most striking example of this is X inactivation in females. To determine if ageassociated DNAm is specific to certain regions of the genome, we displayed the genomic locations of the pediatric age-associated loci using a Manhattan plot, separating age-methylating from age-demethylating effects (Fig. 3A,B) . These plots indicate that both the SSC and CHB pediatric groups have age-associated loci located throughout the genome, but upon closer examination suggest a deficit of age-associated methylation on the X chromosome.
To test the significance of these observations and to determine if other chromosomes contain a disproportionate number of age-associated loci, we compared the proportions of age-associated loci for each chromosome using permutation testing ( Fig.  3C ; see Methods). This analysis revealed that the X chromosome does indeed have disproportionately fewer age-methylated loci than expected by chance alone in both SSC (P = 0.002) and CHB populations (P = 0.034) ( Fig. 3D ). The published age-methylated loci from the T1D and OC age studies indicate that these cohorts also have a significant absence of age-associated loci on the X chromosome (P < 0.021, Fisher's exact test) (Supplemental Fig. 5 ). These data suggest that the X chromosome is not governed by the same age-related DNA methylation kinetics as the rest of the genome, and it appears to be true in both pediatric and adult populations.
To gain insight into the potential mechanism(s) for age-associated DNAm changes, we analyzed the flanking nucleotides of CpG loci that change with age. Over-or underrepresentation of nucleotides at each position was determined by the proportion of nucleotides surrounding each age-associated locus relative to the nucleotide composition of the assay (Supplemental Fig. 6A,B ). Sequences surrounding age-demethylated loci were enriched for adenine (A) and thymidine (T) residues in both pediatric cohorts, which is consistent with our observation that these CpG loci preferentially reside outside of CpG islands (Supplemental Fig.  6C ,D). The overrepresentation of specific nucleotides was more significant in sites immediately adjacent to the interrogated CpG loci than in more distal sites, with significant enrichments of C residues at the À2 position (P = 0.004), A residues at the À1 position (P < 0.001), and T residues at the +1 position (P < 0.001). This finding also replicated in the CHB cohort ( Fig. 4A,B ). Analysis of sequences surrounding the age-methylated loci suggested that cytosines (C) and guanines (G) are overrepresented in regions flanking age-methylated loci (Supplemental Fig. 6E ,F). Similar to the age-demethylated loci, the overrepresentation of specific nucleotides was increased immediately adjacent to the interrogated CpG dinucleotide; in fact, both the SSC and CHB data sets indicated a preference for a G at the À1 position and a C at the +1 position ( Fig. 4C,D) . However, overrepresentation of these individual nucleotides did not reach significance in the SSC cohort (P = 0.10 for G at À1 and P = 0.06 for C at +1) ( Fig. 4C ). Since it was previously shown that 59-GCpGC-39 4-mers are preferential substrates for the DNA methyltransferase DNMT3A (Handa and Jeltsch 2005) , we tested this 4-mer for overrepresentation at agemethylated loci. We found that while 59-GCpGC-39 is the most common 4-mer of both the SSC (110/477) and CHB (821/5,898) age-methylated loci, it was not significant in either group (SSC: P = 0.075; CHB: P = 0.137). However, this 4-mer is three to four times more common in age-methylated loci than those demethylated with age. Figure 2 . Proportion of age-associated loci in CpG islands and ''shores'' in the SSC and CHB cohorts. Barplots of the proportion of age-methylated (red) and age-demethylated (green) loci relative to total assay coverage (gray) found in CpG islands (A) and CpG island ''shores'' (B). Significant permutation P-values are displayed.
Pediatric age-associated loci have developmental and immune functions
Annotation of the age-associated loci using Gene Ontology revealed several biologically relevant Ontologies that were significantly overrepresented among both SSC age-methylated and agedemethylated loci: specifically developmental processes and immune functions, respectively. These findings were first confirmed using permutation analysis and then independently corroborated in the annotation of the CHB group (Table 1; see Methods) . Together, these data are consistent with previous reports identifying age-associated DNAm changes related to the immune system (Richardson 2002; Zhang et al. 2002) and are in accordance with biological processes likely to occur in pediatric populations.
Lifelong age-associated DNA methylation trends
To better understand the dynamics of DNAm throughout life, we analyzed the 2078 pediatric age-associated loci in a meta-analysis of the pediatric SSC (N = 398) and CHB (N = 78) groups as well as the adult T1D (N = 187) and OC (N = 495) cohorts. Our analysis used a linear model with covariates for cohort, batch (BeadChip), gender, and in the T1D and OC cohorts, disease status; additionally, this model included an interaction between cohort and age effect to allow for a different rate of age-associated DNAm in each study (see Methods). This analysis revealed that the rates of age-associated DNAm change are highly correlated between the pediatric and adult cohorts (P < 0.001) ( Fig.  5A-C) ; in fact, although 74.5% of the pediatric age-associated loci were not common to the adult age-associated loci, >88% of them trended in the same direction in both adult cohorts. These findings suggest that the majority of childhoodspecific DNAm changes may actually continue into adulthood, but with a reduced rate of change throughout adulthood that does not reach statistical significance. Consistent with this hypothesis, a comparison of the common age-associated loci between the pediatric and the adult T1D and OC cohorts (363 and 325, respectively) revealed that the average rate of age-related DNAm change in the SSC pediatric group is 2.8 and 3.0 times greater than in the adult T1D and OC cohorts, respectively. This rate of change was even more pronounced in the younger CHB group, where it was 4.0 and 4.2 times greater than in the T1D and OC adults, respectively ( Fig. 5D ). Consequently, we find that 84.7% of the pediatric age-associated loci had significantly smaller rates of DNAm change in adulthood ( Fig.  6A-D) . These findings led us to hypothesize that age-associated DNAm may have a decaying rate of change with age; thus, we repeated the interaction analysis using the log of age as the explanatory variable. The log of age model overwhelmingly fit the data better, because only 6.5% of the pediatric age-associated loci had significantly different rates of DNAm change from either the T1D or OC cohorts when fit to a log of age model ( Fig. 6E -H, FDR < 0.01). Thus, modeling age as a logarithmic variable explains loci with methylation dynamics that cannot be fit by a model linear for age alone, indicating that the rate of age-related DNAm change often decreases throughout life and is therefore imperfectly accounted for by a correction that is only linear for age.
Discussion
Our results offer several important insights into the normal variation of DNAm over the human life span. Here we report 2078 loci that exhibit age-associated DNAm differences in DNA from the peripheral blood of 398 boys aged 3-17 yr, collected from 13 North American sites, making them unlikely to reflect any locale-specific environmental influences. These results replicate in an independent pediatric group who are unrelated to disease individuals, are , and loci negatively correlated with age are displayed with a negative Àlog(Pvalue). Loci significantly age-methylated (red) or age-demethylated (green) (FDR < 0.01); otherwise loci are black or gray on alternating chromosomes. (C ) Proportion of age-associated loci by chromosome in the SSC (dark blue) and CHB (light blue) populations: the proportion of age-methylated loci is displayed on the positive y-axis and age-demethylated loci on the negative y-axis. The Y chromosome is not shown because only seven probes are available in the SSC data. (D) Proportion of X-chromosome probes (black) that undergo age-methylation events compared with the proportion of all probes (gray) on the available assays for the SSC (left) and CHB (right) data sets. P-values are calculated by permutation testing.
significantly younger, and are primarily composed of different races/ethnicities than the initial pediatric group, indicating that the association between age and DNA methylation in children is generalizable (Fig. 1B) . Furthermore, validation using pyrosequencing identifies a significant age effect at every CpG interrogated in the region, suggesting that age-related changes in DNA methylation occur in domains of CpGs, although further analysis is needed to confirm this finding (Fig. 1C,D) . This is the first report, to our knowledge, of age-related DNAm changes from a sizable pediatric population. The pediatric age-associated loci identified here overlap significantly with previously published adult age-associated loci found in multiple studies, indicating that consistent age-related DNAm changes can be seen throughout human life.
The annotations and genomic characterization of these ageassociated loci indicate systematic methylation events. We find that a higher proportion of age-demethylated loci are located outside of CpG islands ( Fig. 2A) and, specifically, are more likely to reside within the 2 kb immediately adjacent to CpG islands (Fig.  2B) , which is consistent with earlier studies (Christensen et al. 2009 ). Analysis of chromosomes with a disproportionate number of age-associated DNAm probes revealed a significant deficit of agemethylated loci on the X chromosome (Fig. 3) . Although the biological significance of this will require further study, it is possible that males, being hemizygous for X-linked loci, are less tolerant of DNAm variation on the X chromosome.
Sequence motif analysis finds a significant overrepresentation of nucleotides surrounding the age-demethylated CpG dinucleotides, suggesting that systematic demethylation events are governed by the immediate nucleotide landscape (Fig. 4A ). However, their primary location outside of CpG islands and the AT-rich nucleotide composition is not consistent with the recently identified TET family of proteins involved in 5-hydroxymethylation and subsequent active DNA demethylation by deamination and base excision repair (Tahiliani et al. 2009; Cortellino et al. 2011; Wu et al. 2011 ), suggesting these age-related demethylation events are governed by an alternative active demethylation pathway or passive DNA demethylation. In contrast, analysis of age-methylated loci did not reveal a significant pattern among the surrounding nucleotides; however, the most common motif independently identified in both pediatric groups, 59-GCpGC-39 ( Fig. 4B) , is a preferential substrate of DNMT3A (Handa and Jeltsch 2005) , a de novo DNA methyltransferase that facilitates transcription of neurogenic genes (Wu et al. 2010) , which would be consistent with the Gene Ontology results of these loci (e.g., see term ''nervous system development'' in Table 1 ).
Gene Ontology annotation of the SSC age-methylated and age-demethylated loci revealed a remarkable prevalence of functions in the developmental and immune systems, which were initially validated by permutation testing (see Methods) and then in an independent set of individuals by annotation of the age-associated loci from the CHB group (Table 1) . These findings correspond well with biological events that are likely occurring during childhood, suggesting that DNAm may be a key modulator of dynamic changes in these developmental processes early in life.
Our meta-analysis of age-associated DNAm changes revealed that a sizable proportion (1537 of 2078 or 74.0%) of age-associated loci in our pediatric group does not follow the same linear trends throughout life compared with both the T1D and OC cohorts (Fig.  6A,B) . In contrast, only 209 of 2078, or 14.3%, of age-associated changes in DNAm failed to follow logarithmic lifelong trends, suggesting that age-associated variation in DNAm is best modeled by a function of logarithmic age (Fig. 6E,F) . This is a direct result of the threefold to fourfold greater rate of DNAm change in children versus adults (Fig. 5D ). The noticeably different rate of change between the pediatric populations is likely the result of the younger age of the CHB population; this finding is consistent with previous reports that showed dramatic DNA methylation change rates during the perinatal period of human brain development (Siegmund et al. 2007 ). Together, these data provide evidence that the dynamics of DNAm variation are much more pronounced throughout childhood than previously appreciated, allowing for the identification of more age-associated loci than previously recognized by adult studies.
These results offer evidence that age-associated DNAm changes occur more rapidly in children than adults. Notably, the results reported here were validated by an independent method and replicated in an independent population, and permutation tests were used for all analyses. Despite these validations, it is possible that the increased rates of age-associated DNAm during childhood are a reflection of a compositional change of the multiple cell types found in peripheral blood, because DNAm is well known to be tissuespecific (Irizarry et al. 2009 ). However, previous studies have reported a high correlation of age-associated loci identified in multiple tissues and between specific cell types (Rakyan et al. 2010; Teschendorff et al. 2010; Bocker et al. 2011) , suggesting that at least some of the age-associated DNAm changes reported here are not a result of changes in cell type composition. Regardless of this possibility, the increased rate of age-associated DNAm changes observed in children makes it especially important to closely match for age in pediatric disease-based studies of DNAm and adjust for age as a covariate. The need for this is evident from published disease-based DNAm studies that lack an age adjustment, which may yield a notable overlap between the reported ''diseaseassociated'' DNAm changes and the age-associated loci published here (12 of 37 loci) (Uddin et al. 2010) . Today, high-throughput analysis of DNAm data is still in its infancy, and the list of confounding covariates remains incomplete, not unlike early genomewide association studies, which failed to correct for population stratification. Together, these data provide a more complete understanding of the link between DNAm and age, showing a much stronger relationship in children than in adults, which ultimately will reveal more about the role of DNAm in health and disease.
Methods

DNA methylation profiling
Five hundred nanograms of human genomic DNA was sodium bisulfite-treated for cytosine (C) to thymine (T) conversion using the EZ DNA Methylation-Gold kit (Zymo Research). The converted DNA was purified and prepped for analysis on either the Illumina HumanMethylation27 or HumanMethylation450 BeadChips following the manufacturer's guidelines. Briefly, converted DNA was amplified, fragmented, and hybridized to the HumanMethylation27 or HumanMethylation450 pool of allele-differentiating oligonucleotides. After a series of extension, ligation, and cleanup reactions, the DNA was labeled with a fluorescent dye. The labeled DNA was then scanned using an Illumina BeadArray Reader or iScan. Image analysis and signal determination was performed using the GenomeStudio software, Methylation Module (Illumina).
Pyrosequencing was performed on bisulfite-converted DNA by EpigenDx (http://www.epigendx.com/) using a QIAGEN-Pyrosequencing PSQ MD system following the manufacturer's guidelines. Briefly, the PCR was performed with 0.2 mM primers, one of which was biotinylated for later purification by Streptavidin Sepharose HP (Amersham Biosciences). Sepharose beads containing the PCR product were washed and purified using 0.2 M NaOH and the Pyrosequencing Vacuum Prep Tool (QIAGEN). Ten microliters of the PCR products was sequenced using a PSQ96 HS system (QIAGEN), and methylation status was determined using QCpG software (QIAGEN).
Interpretation and QC of DNA methylation data
CpG DNA methylation (DNAm) data were interpreted using GenomeStudio to quantify methylated (M) and unmethylated (U) signal intensities for genomic DNA. Overall methylation levels (b) were calculated as the ratio of methylated to total signal [i.e., b = M/(M + U)], where b ranges from 0 (unmethylated) to 1 (methylated). Quality control of data resulted in removal of samples with aberrantly low signal intensity (mean <2000) or with fewer than 90% of CpG loci detected, where a given locus was determined not detected if the detection P-value > 0.01 (detection P-value provided by GenomeStudio and calculated relative to background signal). Assay controls were inspected to remove samples with poor bisulfite conversion, staining, extension (single nucleotide extension assay), hybridization, or specificity. Furthermore, outliers identified by hierarchical clustering and/or dissimilarity matrices were removed. In a total of the 458 SSC samples with age, 420 passed QC (398 with age younger than 18 yr); of the CHB samples, 78 of 79 passed QC; and all were below 18 yr of age. Additionally, one control DNA replicate was run on each BeadChip to assess overall assay reproducibility. Methylation profiles of the control DNA correlated well with an average Pearson correlation coefficient (R) of 0.990 between replicates.
Analysis of age-associated CpG loci
To analyze DNAm differences associated with age, we fit a separate regression for each CpG site, where b was modeled as a linear function of age. Linear models were fit using the R function ''lm.'' Although samples were randomly distributed across BeadChips and experiments with respect to age, BeadChip was also included as a fixed-effect covariate in all analyses to account for potential batch effects. To correct for multiple hypothesis testing, we applied a Benjamini-Hochberg False Discovery Rate (FDR) correction using the R function ''p.adjust.'' We also conducted this analysis using the ''M-value'' or log[b/(1 À b)] (Du et al. 2010 ) and found results that correspond extremely well with those in this study. Analysis of the M-value yields 2111 age-associated CpGs in the SSC group, and 2013 (95.4%) of these overlap with the 2078 CpGs identified using b-values. Age-methylated Gene Ontologies System development GO:0048731 1.19 3 10 À7 0.001 2.19 3 10 À42 Organ development GO:0048513 3.04 3 10 À7 0.001 1.16 3 10 À25 Anatomical structure development GO:0048856 3.52 3 10 À7 0.003 6.57 3 10 À46 Developmental process GO:0032502 5.53 3 10 À7 0.003 1.23 3 10 À46 Multicellular organismal process GO:0032501 7.07 3 10 À7 0.002 2.37 3 10 À30 Multicellular organismal development GO:0007275 1.94 3 10 À6 0.007 1.29 3 10 À45 Cell differentiation GO:0030154 3.97 3 10 À6 <0.001 3.94 3 10 À38 Cellular developmental process GO:0048869 4.44 3 10 À6 <0.001 7.25 3 10 À37 Nervous system development GO:0007399 5.90 3 10 À6 0.013 1.21 3 10 À43 Lymphocyte activation GO:0046649 9.54 3 10 À6 0.014 6.75 3 10 À5
Age-demethylated Gene Ontologies
Defense response GO:0006952 3.19 3 10 À16 <0.001 3.57 3 10 À4 Response to stimulus GO:0050896 1.09 3 10 À13 <0.001 1.88 3 10 À8 Response to external stimulus GO:0009605 1.70 3 10 À12 <0.001 1.24 3 10 À7 Immune response GO:0006955 1.63 3 10 À11 <0.001 1.43 3 10 À4 Immune system process GO:0002376 2.29 3 10 À11 <0.001 3.95 3 10 À6 Response to wounding GO:0009611 4.43 3 10 À11 <0.001 4.52 3 10 À14 Response to stress GO:0006950 6.81 3 10 À10 <0.001 4.70 3 10 À6 Inflammatory response GO:0006954 1.09 3 10 À9 0.001 4.72 3 10 À7 Innate immune response GO:0045087 3.23 3 10 À9 <0.001 2.20 3 10 À1 Chemotaxis GO:0006935 6.01 3 10 À7 <0.001 2.84 3 10 À6 (GO ID) Gene Ontological identification number. (P) P-value calculated using the GOstat R package. (Perm P) Permutation P-value calculated using 1000 permutations.
Permutation analyses
All permutation analyses were conducted in R using the same linear model as the actual analysis where BeadChip was treated as a fixed-effects covariate, but in each permutation the ages of the subjects were randomly reassigned. In total, 1000 permutations were conducted for both the SSC and CHB groups independently. Permutation P-values for each CpG locus were calculated by assessing the number of times each locus was more significantly associated with age in the 1000 permuted data sets than the actual association (Supplemental Fig. 1D ; Supplemental Table 2 ). Here, strength of association was determined by the absolute value of the age-effect t-statistic from the linear model. The same Monte Carlo strategy was used to compute empirical P-values for correlation of age-effect t-statistics ( Fig. 1B; Supplemental Fig. 3A,B ,D-F), overlaps of age-affected CpG loci (Supplemental Figs. 1H, 3C,G) , CpG island and CpG island shore associations (Fig. 2) , chromosome over-and underrepresentation (Fig. 3) , nucleotides motifs (Fig. 4) , and Gene Ontologies (Table 1) . This strategy involved designating as ''age-associated'' the same number of loci from each permutation by selecting the most positively and negatively age-associated loci, which were chosen regardless of whether those loci were actually significant (FDR < 0.01) in that given permutation. For example, in the SSC group there are 2078 age-associated loci where 1601 are age-demethylated and 477 are age-methylated, so for each permutation the 1601 most age-demethylated and 477 most agemethylated loci are chosen for further analysis. Likewise, for the CHB group, this process was repeated using 41,895 loci for each permutation (35,997 age-demethylated and 5898 age-methylated). These loci are referred to as ''permuted age-associated loci'' and were chosen to match the numbers observed in the original data. The strength of association was based on the age-effect t-statistic for each locus. These loci were then compared or annotated for the analysis being conducted, and the respective permutation P-value was computed as the proportion of permutations for which the observed association or enrichment was of equal or greater strength than in the original data. For example, the permutation P-value for the overlap between the SSC and CHB pediatric age-associated loci (Supplemental Fig. 1H ) was calculated by selecting from the SSC group the top 1601 loci negatively associated with permuted age and the top 477 loci positively associated with permuted age and computing the overlap with the CHB group age-associated list (Supplemental Table 2 ). In no permutation was the overlap as large as the actual overlap, and thus in this case, the permutation P-value is <0.001. Further details are provided under the analysis specific headings below.
Age-effect correlations and overlap analyses
The significance of age-effect correlations between groups is permutation-based, where the actual Pearson correlation coefficient (R) of age-effect t-statistics between two cohorts is compared with the permuted correlation coefficients (i.e., the correlation coefficients of permuted age-effect t-statistics for the SSC pediatric group compared with the actual age-effect t-statistics of the CHB, T1D, OC populations or data from Rakyan et al. 2010) . Specifically, to test whether the age-effect t-statistics of the SSC pediatric group correlate with the T1D and OC cohorts and more than expected by chance alone (Supplemental Fig. 3A,B) , the permuted pediatric age-effect t-statistics and actual age-effect t-statistics published by Teschendorff et al. (2010) for the T1D and OC studies were used to calculate permuted correlation coefficients. In none of the permutations was the permuted correlation coefficient (R) as large as the actual correlation coefficient (Fig. 1C ). This same methodology was applied to the published age correlations (r) of whole blood, CD4 + T-cells, and CD14 + monocytes from Rakyan et al. (2010) . Significance analysis of the overlap between age-associated loci from our SSC pediatric population and the T1D and OC studies was also permutation-based. Here, the P-values were calculated by first identifying the actual size of the overlap between any two cohorts (Supplemental Fig. 3C ) and then using the permuted ageassociated loci to calculate the sizes of permuted overlaps. The P-value was determined as the number of times the permuted overlap was greater than the actual overlap, divided by the number of permutations (1000). In no permutation was the overlap as large as the actual overlap (or even close), thus the permutation P-values are <0.001 (Supplemental Fig. 3C ). Likewise, the same methodology was applied to the lists published by Rakyan et al. (2010) and Bocker et al. (2011) with the same result.
CpG island analysis
Analysis of age-associated loci relative to CpG islands was based on the NCBI genome (build 36.1) and the Takai-Jones relaxed criteria of CpG islands (Takai and Jones 2002) . Specifically, the ''seq_cpg_ islands.md.gz'' file was downloaded from the NCBI website (ftp://ftp.ncbi.nlm.nih.gov/genomes/H_sapiens/ARCHIVE/BUILD. 36.1/mapview/), and CpG loci interrogated by the Infinium HumanMethylation27 and HumanMethylation450 platforms were mapped relative to CpG islands using a custom R script. This resulted in assignment of CpG island/non-CpG island context consistent with that provided by the Illumina HumanMethylation27 annotation file, and CpG island ''shores'' were defined as the region within 2 kb of a CpG island. For the HumanMethylation27 panel, 20,006 of 27,578 probes (72.5%) are located in CpG islands, and of the 7572 that are not, 4155 (15.1%) are located in CpG island ''shores.'' For the HumanMethylation450 panel, 255,455 of the 485,512 CpG loci (52.6%) are located in CpG islands, and of the 230,057 that are not, 135,686 (27.9%) are located in CpG island ''shores.'' To determine whether age-associated loci were preferentially located in CpG island and CpG island shore contexts, permutation testing was applied based on the number of age-associated loci in CpG islands or CpG island shores for both the SSC and CHB groups. For the SSC group, 327 of the 477 age-methylated loci (69.6%) are in CpG islands, and 69 (14.5%) are in CpG island shores; whereas 497 of 1601 age-demethylated loci (31.0%) are in CpG islands, and 592 (37%) are in CpG island shores. For the CHB group, 3389 of the 5898 age-methylated loci (57.5%) are in CpG islands, and 1560 (26.4%) are in CpG island shores; whereas 7552 of the 35,997 age-demethylated loci (21.0%) are in CpG islands, and 16,118 (44.8%) are located in CpG island shores. These numbers were compared with the locations of the permuted loci for each group, and a permutation P-value was calculated as described in the ''Permutation Analyses'' section of the Methods (above).
Analysis of genomic location
Loci were mapped to chromosome location using the Illumina annotation files for HumanMethylation27 and HumanMethylation450 panels based on the NCBI Human Genome (build 36.1). Over-and underrepresentation for age-methylated and age-demethylated loci were assessed using both a Fisher's exact test and permutation analysis, which corresponded well (data not shown). Permutation P-values were determined by comparing the proportion of age-associated loci on a chromosome (termed ''actual proportion'') with the proportions obtained using the permuted age-associated loci (termed ''permuted proportions''). To correct for multiple hypotheses (i.e., 24 chromosomes and both over-and underrepresentation), the actual proportion of each chromosome was compared with the permuted proportions of any chromosome for each permutation. Thus the permutation P-value is the number of times a permuted proportion is more significant than the actual proportion, divided by the number of permutations (1000).
Sequence motif analysis
Sequence data from the Illumina annotation files were used to analyze the 60 bp flanking each CpG dinucleotide. Overrepresentation of nucleotides was based on the proportion of ageassociated loci with that nucleotide relative to the nucleotide composition of the assay, termed ''relative proportion'' (Supplemental Fig. 6 ). Specifically, this is calculated for each base as the proportion of age-associated loci that are a given nucleotide divided by the proportion of all assay probes that contain that same nucleotide at the given location. Permutation P-values for overrepresented nucleotides were calculated by comparing the actual nucleotide proportion with the permuted nucleotide proportions for age-methylated and age-demethylated loci. Logo plots (Fig. 4) were created by modifying the ''seqLogo'' R package to display the letter height as the Àlog(P-value), where P-value is the permutation based as described above (Schneider and Stephens 1990) . Permutation P-values of 0 were displayed on graphs as half the minimal increment (i.e., P = 0.0005) (Fig. 4) . Figure 6 . Meta-analysis of pediatric and adult populations: modeling rates of DNAm change via an interaction model. (A,B) Pie charts displaying the proportion of SSC age-methylated (A) and age-demethylated (B) loci that have significantly different rates of DNAm change from the rates found in the CHB, T1D, and OC populations (different: white); in two of these studies (gray); and in one of these studies (black). Loci with similar rates of DNAm change across all four populations are shown in red (A: age-methylated), and green (B: age-demethylated). (C,D) Representative age-methylated (C ) and age-demethylated (D) loci that have a similar rate of DNAm change in all populations. (Red dashed line) The linear regression on the SSC data only; (black lines) the 95% predication interval based on this regression. All individuals are denoted by dots and their colors are described in the inset of C. Each plot is titled by the name of the gene associated with the CpG interrogated by the Illumina platform. (E,F) Pie charts similar to those in A and B but modeling the log of age. (G,H) Representative age-methylated (G) and age-demethylated (H) loci that follow a log of age (but not linear) trend in all populations.
Gene Ontologies
Gene Ontology (GO) analyses were conducted in R using the ''GOstats'' package and the lumiHumanAll.db annotation file. Briefly, this package assesses significantly overrepresented Gene Ontologies given a list of significant genes and the list of all genes available on the platform (termed the ''gene universe''). GOstats calculates enrichment of Ontologies using the hypergeometric test such that only Ontologies enriched over the gene universe are found significant. Entrez gene IDs were used to identify genes and were provided in the HumanMethylation27 annotation file. The HumanMethylation450 annotation file provided UCSC RefSeq accession numbers, which were mapped to Entrez gene IDs using the NCBI file gene2refseq.gz (ftp://ftp.ncbi.nlm.nih.gov/gene/ DATA/). Permutation P-values were calculated using the same GOstats package for the permuted age-associated loci.
Meta-analysis of Teschendorff and colleagues' data
Data were downloaded from the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) data sets GSE19711 and GSE20067 for the OC and T1D data sets, respectively. Pediatric, T1D, and the OC data sets were combined and analyzed using a linear fixed-effects model (R/Bioconductor function ''lm'' of package ''stats'') that adjusted for study, BeadChip, gender, and disease status (T1D and OC cohorts only); additionally, a parameter for interaction of age effect and cohort was used to identify those loci that had significantly different rates of age-associated DNAm (Fig. 6A,B ,E,F). Rates of DNAm change were calculated using the standardized linear regression for each data set independently (SSC, CHB, T1D and OC) ( Fig. 5 ). Linear models of logarithmic age were fit using a log transform for the age variable and the ''lm'' function in R. Predictions of the pediatric methylation data were calculated using the ''predict.lm'' function of the ''stats'' package also in R (Fig. 6C ,D,G,H, see black and red lines).
Data access
We have submitted the data generated from the 398 samples and the 96 controls for this study to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under the Gene Series GSE27097.
